GRB 090618 was an extremely bright burst, detected across the electromagnetic spectrum. It has a redshift of 0.54 and a supernova (SN) was identified in ground-based photometry. We present a thorough analysis of the prompt and early afterglow emission using data from Swift, Fermi Gamma-ray Burst Monitor and ROTSE, in which we track the evolution of the synchrotron spectral peak during the prompt emission and through the steep decay phase. We find evidence of a thermal X-ray component alongside the expected non-thermal power-law continuum. Such a component is rare among gamma-ray bursts (GRBs), with firm data for only GRBs 060218 and 100316D so far, and could potentially originate from an SN shock breakout, although there remains doubt regarding this explanation for any of the bursts. However, in contrast to these other Swift GRB-SNe with similar thermal signatures, GRB 090618 is a much more 'typical' burst: GRB-SNe 060218 and 100316D were both low-luminosity events, with long durations and low peak energies, while GRB 090618 was more representative of the wider population of long GRBs in all of these areas. It has been argued, based both on theory and observations, that most long GRBs should be accompanied by SNe. If this thermal X-ray component is related to the SN, its detection in GRB 090618, a fairly typical burst in many ways, may prove an important development in the study of the GRB-SN connection.
I N T RO D U C T I O N
Gamma-ray bursts (GRBs) are intrinsically luminous objects, allowing them to be detected right across the Universe, from relatively nearby locations [e.g. GRB 980425 at a redshift, z, of 0.0085 (Tinney et al. 1998) and GRB 060218 at z = 0.0331 (Campana et al. 2006 )] out to great distances [e.g. GRB 090423 with z = 8.2 Salvaterra et al. 2009 ) and GRB 090429B at z = ∼9.4 (Cucchiara et al. 2011)] . While the very high-z objects allow us to probe the early Universe, learning more about the process of reionization, low-z objects provide a route to gathering more detailed information about their host galaxies, progenitors and environments. E-mail: kpa@star.le.ac.uk That there is a connection between long GRBs (typically T 90 > 2 s; Kouveliotou et al. 1993 ) and core-collapse supernovae (SNe) has been known since 1998, when GRB 980425 was identified with SN 1998bw ), with GRB 030329 and SN 2003bh (e.g. Stanek et al. 2003 Willingale et al. 2004 ) providing further strong evidence; see Woosley & Bloom (2006) for a review of the SN-GRB connection. The relationship is not yet fully understood, however, since there are some nearby, long GRBs for which no SN has been detected [e.g. GRB 060614 (Della Valle et al. 2006; Fynbo et al. 2006; Mangano et al. 2007; Caito et al. 2009; Xu et al. 2009 ) and GRB 060505 (Fynbo et al. 2006; Ofek et al. 2007; Xu et al. 2009)] . A number of explanations have been suggested for these oddities, including that the apparently long burst could have been produced via a binary merger, through the explosion of a 'fall-back' SN if the star forms a non-rotating black hole or a 'dark hypernova' (Nomoto et al. 2004 (Nomoto et al. , 2007 .
Since GRBs 980425 and 030329, there have been a number of other GRB-SNe associations spectroscopically confirmed, most recently GRB 101219B/SN 2010ma (Sparre et al. 2011) , GRB 100316D/SN 2010bh (Starling et al. 2011 ) and GRB 060218/SN 2006aj (Campana et al. 2006) , in addition to other GRBs which show the characteristic 'hump' of an SN in their optical photometry. GRB 090618 was an extremely bright burst (at all wavelengths) detected both by Swift and Fermi, at a redshift of 0.54 Fatkhullin et al. 2009 ). Cano et al. (2011) present optical data for this burst, revealing a probable SN-bump in the light curves, peaking a few tens of days after the GRB trigger. Very bright bursts such as GRB 090618 permit analysis of exceptional detail, helping to reveal the underlying physics of the processes involved. Previous examples of bright, well-observed bursts include GRB 030329 (also a GRB-SN; e.g. Stanek et al. 2003; Willingale et al. 2004) , GRB 061121 (Page et al. 2007 ) and GRB 080319B (e.g. Racusin et al. 2008) .
In Section 2 we present the γ -ray, X-ray, UV and optical observations, both spectral and temporal, while in Section 3, GRB 090618 is compared with other GRB-SNe. The results and conclusions are summarized in Section 4.
O B S E RVAT I O N S
Swift (Gehrels et al. 2004 ), Fermi-GBM 1 (von Kienlin et al. 2004; Meegan et al. 2009 ), AGILE 2 (Tavani et al. 2009 ), Konus and the RT-2 3 Experiment (on-board the CORONAS-PHOTON 4 satellite) all triggered on GRB 090618 (Golenetskii et al. 2009; Longo et al. 2009; McBreen 2009; Schady et al. 2009b; Rao et al. 2009 Rao et al. , 2011 , which was also detected in γ -rays by the Suzaku-WAM 5 ) and INTEGRAL-Spectrometer on Integral (SPI)-Anti-Coincidence Shield (ACS) (Beckmann, private communication). The Swift-BAT 6 (Barthelmy et al. 2005 ) trigger time was 08:28:29 UT on 2009 June 18 and this will be used as T 0 throughout the paper. The trigger times from the other satellites are a few seconds earlier: Fermi: 08:28:26.66 UT (McBreen 2009 ); AGILE-Mini-Calorimeter (MCAL) : 08:28:24.77 UT (Longo et al. 2009 ); Konus-Wind: 08:28:24.97 UT and Konus-RF : 08:28:27.06 UT (Golenetskii et al. 2009 ); Suzaku-WAM: 08:28:25.59 UT (Kono 2009; Kono et al. 2009 ).
As well as an extremely bright initial X-ray source (Beardmore & Schady 2009 ) detected by the Swift-XRT 7 (Burrows et al. 2005) , the burst showed a bright optical afterglow which was seen by Swift-UVOT 8 (Roming et al. 2005; Schady et al. 2009b ), P60 (Cenko 2009 ), Katzman Automatic Imaging Telescope (KAIT) (Perley 2009 ), ROTSE-III 9 (Rujopakarn et al. 2009 ; the first image was collected a mere 6.7 s after the time of the GRB Coordinates Network (GCN) notice), the Observatorio Astrofisico Guillermo Haro (Carraminana, Alvarez Ochoa & Miramon 2009) ), LOAO 11 (Im, Park & Urata 2009a) , SARA 12 (Updike et al. 2009a,b) , LT 13 ), OAA 14 (Fernandez-Soto, Peris & Alonso-Lorite 2009), CrAO 15 (Rumyantsev & Pozanenko 2009) , BOAO 16 (Im, Jeon & Urata 2009b) , SAO RAS 17 (Fatkhullin et al. 2009 ), RTT150 18 (Galeev et al. 2009; Khamitov et al. 2009 ), PAIRITEL 19 (Morgan, Klein & Bloom 2009 ), HCT 20 (Anupama, Gurugubelli & Sahu 2009 ), Mondy (Klunko, Volnova & Pozanenko 2009) and the Lick Observatory. Using the Kast Spectrograph at the Lick Observatory, Cenko et al. (2009) determined the redshift of GRB 090618 to be 0.54; this was confirmed by Fatkhullin et al. (2009) . A grism spectrum was also obtained by the UVOT, but the afterglow was too faint (u ∼14.6) to reveal any strong features.
In addition, a radio afterglow was detected by the AMI 21 Large Array (Pooley 2009a,b) , the VLA 22 (Chandra & Frail 2009 ) and WSRT 23 (Kamble, van der Horst & Wijers 2009 ); see also Cano et al. (2011) .
The Swift data in this paper have been processed using the standard procedures, but using a pre-release gain file for the XRT spectra which accounts for offsets caused by radiation-induced charge traps in the CCD detector. Corresponding pre-release (version 013) response matrix and ancillary response files were used for both the Windowed Timing (WT) and Photon Counting (PC) mode data.
The XRT light curve was obtained from the online repository (Evans et al. 2007 (Evans et al. , 2009 ) provided by the University of Leicester. The early WT data were heavily piled-up, so the central 94-arcsec (diameter) were excluded when creating the spectra and light curve for the piled-up portion (count rate 100 count s −1 ) of the observation. The first few snapshots of PC data also suffered from pile-up which was again accounted for by use of an annular extraction region, with an initial exclusion radius of 6 arcsec which was decreased as the count rate dropped. PC data with a count rate of <0.6 count s −1 were considered to be free from pile-up.
Throughout this paper, we adopt the convention of F ν,t ∝ ν −β t −α (photon spectral index = β + 1), where F ν,t is the flux density, ν is the observed frequency and t is the time since the onset of the burst. Errors are given at 90 per cent confidence unless otherwise stated.
γ -rays
GRB 090618 was strongly detected by the Swift-BAT (Schady et al. 2009b) obtained. The Fermi-GBM data were collected with the NaI-4 and Bismuth Germanate (BGO)-0 detectors (energy ranges of 8-1000 and 200-40 000 keV, respectively). Following an initial smooth peak lasting ∼50 s, there was a second episode of emission, consisting of three overlapping peaks (Baumgartner et al. 2009 ). The BAT and GBM light curves are shown in Fig. 1 ; note that the last peak (at ∼110 s) was barely visible in the highest energy (GBM-BGO) band.
Both the time-averaged (McBreen 2009; Sakamoto, Ukwatta & Barthelmy 2009 ) and time-sliced spectra (see below) are better fitted (>99.99 per cent confidence improvement in each case when compared to a simple power law) by a power law with exponential cut-off [A(E) = KE − e −E/Ecut , where E cut is the e-folding energy of the exponential cut-off and K is the normalization in units of photons keV −1 cm −2 s −1 at 1 keV]. A cut-off power law is used here as a simplification of the Band function (Band et al. 1993) , since the higher energy index in the Band model cannot be well constrained in the BAT data alone, although the GBM data do help to constrain the fits over most of the time-slices. The typical highenergy index, β, for the spectral fits where the slope is constrained is −2.4. In the cut-off power-law model, E cut is related to the peak energy, E peak , by E peak = (2 − ) × E cut .
Simultaneous time-sliced spectra were extracted for both BAT and GBM data. Following Page et al. (2009b) , the normalization offsets between BAT and the GBM-n4 and -b0 detectors were estimated: all 14 time-slices were fitted simultaneously in XSPEC (Arnaud 1996) with a cut-off power-law model, with the constant of normalization for the BAT set to unity, while the constants for the n4 spectra were all tied together (likewise for the b0 spectra) and allowed to vary with respect to the BAT; the other fit parameters were tied between BAT and GBM for each individual time-slice. This method gave a relative normalization of 1.29 for the n4 detector and 1.00 for b0, and provided a much better fit than forcing the n4 and b0 normalizations to be equal to each other ( χ 2 of 834). This factor between the NaI and BGO normalizations is very similar to that found by Ackermann et al. (2011) , and was used in all subsequent spectral fitting. Similar results were also obtained using the Fermi software package RMFIT (Mallozzi, Preece & Briggs 2005) . E peak initially decreases with time ( Fig. 2) , but moves to higher energies during the largest peak in the γ -ray emission, ∼60-70 s after the trigger, indicating that the spectrum is hardening during Figure 2 . The variation of , E peak (both from the cut-off power-law model) and BB temperature from spectral fits to the BAT+GBM data; the final time-slice, from 130-160 s after the trigger, also includes XRT data. The BB temperature plotted for the final time-slice corresponds to the hotter of the two components discussed in the text. E peak typically moves to lower energies, although there is a clear hardening (the peak of the spectrum moving to higher energies) during the largest flare in the γ -ray light curve (which is shown in the top panel). the flares, as is typical (e.g. Golenetskii et al. 1983; Ford et al. 1995; Borgonovo & Ryde 2001; Goad et al. 2007; Page et al. 2007; Page et al. 2009b ); the movement of the peak to higher energies during flaring activity has also been shown in Swift data by Butler & Kocevski (2007) . In general, there is a positive trend between peak energy and γ -ray flux in our data. There are simultaneous XRT data for the final time-slice considered, between 130 and 160 s after the trigger, at which time E peak is still above the XRT band, at 13 ± 3 keV.
A joint fit to the BAT, GBM-n4 and GBM-b0 spectra extracted over the BAT T 90 interval (10-123 s after the trigger) gives = 1.35 ± 0.02 and E peak = 211 +22 −20 keV. This leads to a decrease of 2852 in χ 2 [for 1 degree of freedom (d.o.f.)] compared to a single power law, showing that the exponential cut-off is a vast improvement, as was the case for all the time-sliced spectra, too. Fitting the Band function in this case does actually lead to a further improvement in χ 2 of 246 for 1 d.o.f. (χ 2 /d.o.f. = 930/298), with α = −1.09 ± 0.04, β = −2.06 ±0.03 and E peak = 130 +12 −11 keV, very similar to the parameters found by Bissaldi et al. (2011) for fitting the time-integrated GBM data (taken from a slightly different interval) alone. The cut-off power-law model leads to a fluence estimate of 2.2 × 10 −4 erg cm −2 over 1 keV to 10 MeV in the rest frame (z = 0.54), corresponding to an isotropic energy release of 2.5 × 10 53 erg. These values show GRB 090618 to be a typical burst in GRB 090618: thermal X-ray emission 2081 the E peak -E iso plane (Amati 2006). The burst is at the high-fluence end of the relation between the 11-hr X-ray afterglow flux density and the prompt fluence discussed by Gehrels et al. (2008) .
An alternative to fitting the γ -ray spectrum with a cut-off power law is to use a combination of a power law and a thermal (blackbody) component, as discussed by Ryde (2004) , Ryde & Pe'er (2009) and Guiriec et al. (2010) ; the blackbody (BB) then accounts for the curvature which is otherwise modelled by a break in the power law. It has been suggested that thermal components such as these could explain the hard early spectra which are inconsistent with synchrotron emission (Preece et al. 1998; Ghisellini, Celotti & Lazzati 2000; Savchenko & Neronov 2009) . A component in addition to the Band function has also been identified in some Fermi-LAT spectra (e.g. GRB 090902B; Abdo et al. 2009 ), which could be modelled as high-temperature thermal emission (see also Ryde et al. 2010; Zhang et al. 2011b) . Such a quasi-thermal model (power law plus BB) was applied to the GRB 090618 BAT+GBM data (see Section 2.2.1 for an investigation into possible thermal emission in the XRT data), finding generally acceptable results, although not as good (at >99.99 per cent confidence) as using a cut-off power law [similar to the fits by Page et al. (2009b) for GRB 080810]; the temperatures are included in the bottom panel of Fig. 2 . The BB component accounts for the curvature of the spectrum in place of a cut-off in the power law, peaking in temperature at the time of the highest E peak (during the brightest peak of the γ -ray light curve). This is not quite as described by Ryde (2004) , where the observed temperature (after an initially constant value for the first 1-3 s) decreases as a power law in time; however, such characteristic cooling is shown for a single pulse, while the γ -ray light curve of GRB 090618 consists of a series over overlapping pulses which could hide the cooling behaviour.
The final time bin (130-160 s after the trigger) in Fig. 2 also included XRT data; as discussed in Section 2.2.1, the early X-ray data show evidence for a thermal component. This was required in addition to the BB modelling the γ -ray data for a broad-band good fit. Note, however, that a cut-off power law plus a single BB (kT = 0.83 +0.06 −0.05 keV) is a much better fit to the γ -ray plus X-ray data, with χ 2 /d.o.f. = 715/555, compared to 825/554 for the model comprising a 'normal' power law plus two BB components.
Spectral lag analysis
Long GRBs are known to show spectral lags, i.e. there is a difference in arrival time between the high-energy and lower energy photons. In the case of short GRBs, negligible spectral lag is found (e.g. Norris & Bonnell 2006) , at least above ∼15-25 keV. Following Ukwatta et al. (2010), spectral lags were estimated for GRB 090618. At around 40 s after the trigger time, the initial, smooth, lower count-rate pulse ends and the second emission interval, consisting of the bright, overlapping peaks, begins; thus, the data from −10-40 and 40-200 s were considered separately. The energy channels used were 15-25, 25-50, 50-100 and 100-350 keV, and a positive lag corresponds to the higher energy photons arriving earlier. It was found that both episodes showed significant positive spectral lags, but that the earlier interval shows a lag about a factor of 6 longer than for the second interval (a lag of ∼1.5-6 s, depending on the channels compared, rather than 0.2-1 s for the later emission).
One possibility for the cause of lags is spectral evolution: as E peak moves through the bandpass, the ratio of the emission at different energies will vary. Fig. 2 shows how E peak changes for GRB 090618. There is a rapid fall in the peak energy during the initial emission Evans et al. 2009 ) and PC in black (100 count bin −1 ). The decay has been fitted with a series of power-law and flare components (see Table 1 for details). The lower panel shows the ratio between the data and the model. episode, which could be causing the large (few second) lag seen at this time. During the second interval, E peak first moves back to higher values before decreasing again, because of the flaring activity; this could therefore diminish the mean lag over this time.
There is a lag-luminosity relationship, whereby bursts with higher luminosities tend to show shorter lags (Norris, Marani & Bonnell 2000; Ukwatta et al. 2010) . The separate lag-luminosity results found for each interval of emission for GRB 090618 are consistent with the sample of other Swift bursts shown in figs 6-11 of Ukwatta et al. (2010) . Hakkila et al. (2008) found that the lagluminosity relation applied to individual pulses within BATSE 25 bursts and that long-lag pulses often precede short-lag ones. They also found that the count-rate amplitude is lower for pulses with longer lags and that pulse width increases with increasing lag. GRB 090618 is consistent with all of these results, although the second episode considered for GRB 090618 actually comprises a number of pulses itself.
X-rays
Following the slew of the spacecraft, Swift-XRT started collecting data 125 s after the burst trigger, initially centroiding on a 0.1 s Short Image Mode frame (Schady et al. 2009b ). Fig. 3 shows the entire XRT data set, spanning 125 s to 2.9 Ms after the trigger. In total, 2.3 ks of WT mode data were collected, followed by almost 338 ks of PC mode data. The light curve can be modelled by a power-law decay with five different slopes (simply parametrizing the smooth variation in decay slope with a series of sharply broken power laws; Table 1) , beginning with a very rapid decline of α = 5.59 +0.10 −0.09 . Each of these changes in slope is significant at >99.99 per cent confidence. There are small flares superimposed on the underlying decay until about 180 s after the trigger, which can be modelled with a 'burst' component (a linear rise, followed by an exponential decay). The three strongest flares peak at 130 +2 −5 , 136 +4 Table 1 . Temporal (X-ray and UV/optical) and spectral (X-ray) fits; the Xray and UV data were fitted separately. All the spectral fits include Galactic N H = 5.8 × 10 20 cm −2 and an intrinsic column of zN H = (1.82 ± 0.08) × 10 21 cm −2 . See text for UVOT fits including a host galaxy contribution. Peaking above 6000 count s −1 , GRB 090618 was the brightest burst detected by the XRT by that date. However, settling mode XRT data are now routinely obtained, allowing the collection of X-ray data even more rapidly after the GRB; in this way, GRB 100621A has surpassed GRB 090618 as the burst with the highest detected XRT count rate. GRB 090618 does, however, have a remarkably high X-ray count rate and corresponding fluence throughout its 'plateau' phase (see, e.g. Evans et al. 2009 ) and remained in WT mode until 2.5 ks after the trigger. Fig. 5 plots GRB 090618 together with the 12 other bursts which have a peak XRT count rate of above 1000 count s −1 . It can be seen that GRB 090618 (black filled circles) peaks above all the other bursts, even GRB 080319B, the so-called 'naked-eye' burst (Racusin et al. 2008) ; only the settling mode points (the first five points in the light curve, plotted with cyan star symbols) obtained for GRB 100621A reach a higher count rate. GRB 080319B was, however, at a higher redshift (z = 0.937; Cucchiara & Fox 2008; Vreeswijk et al. 2008a,b) , so was more X-ray luminous. We note that these count rates are based on the standard binning within the light-curve repository (Evans et al. 2007 (Evans et al. , 2009 ); if shorter time bins were considered, some of the objects might reach even higher rates. 26 Fig. 6 shows the 10-keV flux density light curve for the first snapshot, obtained from the Burst Analyser website (Evans et al. 2010) , together with the BAT and XRT hardness ratios over 50-150 keV/15-50 keV and 1.5-10 keV/0.3-1.5 keV, respectively. The hardness ratio panels show clear spectral evolution throughout the BAT-detected emission (see also Fig. 2) and until the end of the steep decay seen in the XRT.
Thermal emission
GRBs 060218 and 100316D are both examples of GRBs with associated SNe for which thermal components were required to model the early X-ray spectra [Campana et al. 2006; Starling et al. 2011 -although Fan et al. (2011 dispute the existence of the BB, despite their fits showing a marked improvement in the χ 2 statistic following the addition of the component] in addition to the standard non-thermal synchrotron (power-law) emission. In light of this, a search was made for similar thermal emission in GRB 090618.
Results of fitting time-sliced XRT spectra with both absorbed power laws and absorbed power law plus BB models are given in Table 2 . The Galactic absorbing column was fixed at 5.8 × 10 20 cm −2 (Kalberla et al. 2005 ). In addition, an intrinsic (at z = 0.54) column of (1.82 ± 0.08) × 10 21 cm −2 was estimated from the late-time XMM-Newton spectra (discussed below) and fixed at this value in all fits. We note that the additional BB component was present when the spectra were modelled using the currently released version of the Swift software (build 3.7), as well as when using the new, pre-release gain file.
The BB component appears to be significant [>99.99 per cent confidence from the F-test, although Protassov et al. (2002) highlight that the F-test should not strictly be used in such circumstances, and we present below a more detailed method of testing] during the steep decay phase of the light curve. There is also evidence for this component in the later (275-2453 s) WT data, although the fractional flux is very much lower (∼4 per cent compared to ∼20 per cent; see below). Fig. 7 shows the unfolded WT spectra from the steep decay, clearly demonstrating the cooling of the thermal emission over time. Fig. 8 plots the spectral parameters from the power law plus BB fits given in Table 2 . Using a flat Universe cosmology with M = 0.27, vac = 1 − M = 0.73 and a Hubble constant of H 0 = 71 km s −1 Mpc −1 , the redshift of 0.54 corresponds to a luminosity distance of D L = 3098.7 Mpc. This allows us to convert the normalization of the BB component fitted to each spectrum to a luminosity and emitting radius, both of which are included in Fig. 8 .
As shown in Fig. 4 , there is low-level flaring activity at the start of the X-ray light curve. Spectra including (125-180 s after the trigger) and excluding (180-275 s) the flaring period were also extracted in order to ensure that any thermal emission found was not simply a symptom of a changing power law caused by the flares; both of these spectra were significantly better fitted with an additional thermal component, lending weight to the detection.
In order to test the significance of this thermal component more rigorously, 10 000 spectra based on the single power-law fit to the time-averaged, non-flaring WT data (180-275 s after the trigger) were simulated. These simulated spectra were then each fitted with 26 For example, GRB 100621A actually peaked at 1.43 × 10 5 photon s −1 ; see http://www2.le.ac.uk/ebulletin/news/press-releases/2010-2019/2010/07/nparticle.2010-07-15.0451482526. Figure 5 . The Swift-XRT light curves which peak above 1000 count s −1 . The cyan star symbols signify the data were collected in settling mode. With the exception of these first few data points collected for GRB 100621A, GRB 090618 (plotted as black filled circles) reaches the highest X-ray count rate. an absorbed power law plus BB model to recover the chance probability that adding a thermal component actually improves the fit; see Hurkett et al. (2008) for details on the methodology. Not one of the simulated spectra showed a significant improvement in the fit statistic when the BB was included, implying that the component found in the time-averaged spectrum is significant at the >4σ level. This test therefore provides a high degree of confidence in the presence of a thermal component in the X-ray spectra at early times.
An observation of GRB 090618 was performed by XMM-Newton (Jansen et al. 2001 ) about 19 ks after the GRB trigger (Campana 2009 ) and is used by Campana et al. (2011) to probe the ambient medium of the burst. We note that they find a slightly higher value of the column density (even with the assumption of solar metallicity), but that this measurement does not adversely affect our detection of a thermal component in the early-time spectra. The flux determined from the EPIC 27 pn (Strüder et al. 2001 ) and MOS (Turner et al. 2001) data is in complete agreement with the measurements by the XRT. The fits to the EPIC data have been included in Table 2 ; there is no evidence for significant thermal emission in these spectra, ∼20-40 ks after the trigger. Similarly, the Swift-PC data from the second snapshot onwards are well fitted by single absorbed power laws. Although a small amount of PC data was collected at the end of the first snapshot, there were insufficient counts (once the piled-up core had been excluded) to constrain any model more complicated than a single power law.
The bottom panel of Fig. 8 shows that the percentage of the 0.3-10 keV flux contributed by the BB (comparing unabsorbed fluxes) declines slightly from ∼21 to 18 per cent. Starling et al. (in preparation) found the BB to contribute a higher percentage (∼51 per cent) of the flux in GRB 100316D, while Campana et al. (2006) found that the BB contribution in GRB 060218 increased from about 20 per cent at the start of the observations to being the dominant component at the end of the steep decay seen in the XRT data.
In Section 2.1, the BAT spectra were fitted with a quasi-thermal model, to test for possible photospheric emission (Ryde 2004; Ryde & Pe'er 2009 ). These BB components have much higher temperatures (10 s of keV) than the thermal emission discussed in this section (and are typically poorer fits to the γ -ray spectra than a cut-off power law, anyway), although were found to be cooling over time, reaching ∼5 keV in the 130-160 s bin. However, when fitting the simultaneous γ -ray and X-ray data from 130-160 s after the trigger, both a BB component to account for the curvature in the γ -ray spectrum and a cooler BB for the XRT data were required, as mentioned in Section 2.1, with a decrease in χ 2 of 398 27 European Photon Imaging Camera Table 2 . Time-sliced X-ray spectra. All the spectral fits include Galactic N H = 5.8 × 10 20 cm −2 and an intrinsic column of zN H = (1.82 ± 0.08) × 10 21 cm −2 . There is no evidence for significant thermal emission in the late-time Swift-PC or XMM spectra. for 2 d.o.f. This implies that the thermal component in the XRT data is not likely to be of the same photospheric origin. We do reiterate, however, that a cut-off power-law fit to the γ -ray data is a significant improvement over a power law plus thermal component combination, meaning that a cut-off power law plus BB better fits the complete BAT+XRT energy range. The temperature of this single BB component is ∼1 keV; that is, the component is fitting the X-ray data, rather than the γ -ray.
Optical and UV
Swift-UVOT detected the afterglow of GRB 090618 in all filters ). The light curves have been normalized to the white filter and are plotted, together with the ROTSE data, in Fig. 9 . UVOT photometry was performed on the photometric system described in Poole et al. (2008) . There is an uncertainty of ∼0.03 mag on the zeropoint which has not been included in the plotted error bars. Note that the unfiltered ROTSE light curve has not been normalized to align with the UVOT, since it already seems in quite good agreement with the broad-band white filter. The first ROTSE point at 37.5 s after the trigger is a 3σ upper limit at 15.6 mag, demonstrating that the optical afterglow was initially faint, before it rose to a peak sometime after 69 s.
A UV bump, likely associated with SN shock breakout, was clearly seen in the optical light curve of GRB 060218 around 30 ks after the burst (Campana et al. 2006) , though see Section 3.2 for a discussion on the viability of this explanation of the additional component. The UVOT data collected for the higher redshift GRB 090618 (z = 0.54 compared to 0.033 for GRB 060218; Mirabel & Halpern 2006) , however, are dominated by the bright GRB optical afterglow. Cano et al. (2011) present additional optical data for GRB 090618 which show an SN rise starting about 10 days (8.6 × 10 5 s) after the trigger, around the time UVOT observations ceased, although the final points in Fig. 9 are higher than expected from an extrapolation of the power-law decay. Thus, when fitting the UVOT light curve to characterize the afterglow, data after 8 × 10 5 s were excluded to avoid any possible SN contamination. In the following work, the filter-normalized count-rate light curve was used. A singly broken power-law model is a poor fit to the data, and a significant improvement is found when either a smooth break (as used in Cano et al. 2011 ) replaces the sharp one (with an F-test probability of 10 −6 ) or a second sharp break is inserted (F-test probability 10 −7 ). The fit for the doubly broken power law is given in Table 1 for direct comparison with the XRT data. The smoothly broken power-law fit results in a smoothness parameter, s, of ∼1.5, α 1 = 0.72 ± 0.01, T break = (3.0 ± 0.1) × 10 4 s and α 2 = 1.68 ± 0.02. In both cases (two sharp breaks or a single smooth one), the data before 300 s are slightly underpredicted, which could mean that they contain some contamination from a further component, most likely the prompt emission. A direct comparison between the XRT and UVOT fits is presented in Section 2.4.
To quantify the effect of an underlying host galaxy contribution in the late-time light curve, we added a constant value fixed at the level of the faintest UVOT white filter observation. This resulted in an increase in the final decay slope to α 2 = 1.77 ± 0.03 in the smoothly broken power-law model, with change in the smoothness to s ∼1.3 and T break = (3.3 +0.2 −0.1 ) × 10 4 s; the final slope in the doubly broken power-law model became 1.66 ± 0.01. These results are in broad agreement with the ground-based optical afterglow decay reported in Cano et al. (2011; their fig. 5 ).
We note that, while this final break time is not in agreement with the X-ray value (Table 1) , the UVOT data are sparse and show significant scatter at this time. This is discussed further in Section 2.4. Figure 10 . XRT and normalized UVOT count rates. The v, b, u, uvw1, uvm2 and uvw2 light curves were all normalized to the white filter, which was then scaled down by a factor of 7.2 to align with the XRT plateau at 2.6 ks.
Onset of the afterglow
The early non-detection by ROTSE allows us to place constraints on the time of the peak of the optical afterglow and, thus, the initial Lorentz factor, 0 (Molinari et al. 2007) . Taking the peak time to be 92 s (midway between the two earliest ROTSE detections) and E iso = 2.5 × 10 53 erg (see Section 2.1), we find 0 = 435 (assuming typical values for the radiative efficiency, η, and the particle density, n, of 0.2 and 1 cm −3 , respectively; Bloom, Frail & Kulkarni 2003) , similar to values found for other bursts (Molinari et al. 2007; Page et al. 2009a; Xue, Fan & Wei 2009 ).
Multiwavelength comparison
The initial decay seen by the UVOT is similar to that of the contemporaneous XRT plateau phase (α 3 in Table 1) ; however, beyond about 5 ks after the trigger, the X-ray data fade more rapidly than do the optical and UV. This is demonstrated by Fig. 10 , where the UVOT count rate light curves have been normalized to align with the XRT rate at the end of the plateau phase (∼2.6 ks after the trigger).
In Section 2.3, it was found that a single, smoothly broken power law was as good a fit to the UVOT data as two sharp breaks over the same time interval. For comparison, the XRT curve was also fitted with a smooth break at later times; data after ∼500 s were considered, to avoid the early steep decay. Again, a smooth break was found to be an acceptable fit, with α 1 = 0.59 +0.06 −0.10 before a break time of 7.0 +1.0 −1.2 ks, followed by α 2 = 1.55 +0.05 −0.04 , for a smoothness parameter of ∼1.4. However, the time of this smooth break is far earlier than that found for the UVOT data (3 × 10 4 s) and the fit is much worse if the break time is fixed at the UVOT value (F-test improvement of 10 −16 for the XRT free fit over the UVOT value); similarly, the UVOT result is poorer if fixed at the XRT break time. Cano et al. (2011) claim an achromatic break at ∼4.3 × 10 4 s. Although the fits presented here are not obviously in agreement with this, the possibility of such a break was investigated. Keeping the final (sharp) break time tied between the XRT and UVOT light curves, but allowing all other parameters to vary independently, provides an acceptable fit (χ 2 is only 9 higher for 1 d.o.f.; allowing this break time to vary is thus only significant at the 98.6 per cent level -less than 3σ ), with α XRT = 1.55 ± 0.03 and α UVOT =1.62 +0.05 after (5.2 ± 0.4) × 10 4 s. These decay slopes are just consistent at 90 per cent, suggesting that the change in slope of the light curve could be caused by a jet break, although a decay of α ∼ 1.6 is less steep than typically expected (∼t −2 is expected post-jet-break; Zhang & Mészáros 2004) . Residual curvature can be seen in the X-ray light curve if the break time is tied with that in the UVOT, which is removed if the free fit given in Table 1 is used.
Assuming the break at (5.2 ± 0.4) × 10 4 s is, indeed, caused by a jet, the opening angle can be calculated to be 4. • 2, corresponding to a beaming-corrected energy (taking E iso to be 2.5 × 10 53 erg from Section 2.1) of E γ = 6.8 × 10 50 erg (Sari, Piran & Halpern 1999; Frail et al. 2001) .
Taking E peak = 211 keV (from the cut-off power-law fit to the T 90 spectrum, these data are consistent with the Ghirlanda correlation (Ghirlanda, Ghisellini & Lazzati 2004 ) relating E γ and E peak .
An upper limit to the energy can be determined by considering the final (later) break time obtained from fits to the XRT alone (as given in Table 1 ). This suggests that the opening angle could be as large as 8. • 2, giving an estimated E γ of up to 2.6 × 10 51 erg. Considering just the XRT fit, α XRT,5 = 1.88 +0.16 −0.15 and β X = 0.91 ± 0.16, meaning that α = 2β (within the uncertainties), in agreement with the closure relation for post-jet-break decay where ν > ν c (Zhang & Mészáros 2004) . The slope determined from the fit to the XRT and UVOT data with a common break time (α XRT ∼1.55) is too shallow to satisfy the jet-break closure relation.
There are different explanations for the lack of obvious achromatic breaks in most light curves from the Swift era, from the breaks being 'hidden' within the data (Curran, van der Horst & Wijers 2008) to structured (e.g. Rossi, Lazzati & Rees 2002; Granot 2005) or multiple (e.g. Racusin et al. 2008 ) jet systems. Van Eerten et al. (2011) show that jet breaks can be chromatic across the self-absorption break, with the possibility of the radio jet break being postponed by up to several days; however, their simulations do not find a large difference between the X-ray and optical jet break times.
D I S C U S S I O N

Comparison with GRBs 060218 and 100316D
Despite also being a GRB-SN with early thermal emission, GRB 090618 is somewhat different from GRB-SNe 060218 and 100316D, from a Swift point of view. GRBs 060218 and 100316D both showed soft γ -ray spectra, with low E peak values and few counts above 100 keV, whereas GRB 090618 is typical of BAT-detected bursts (see Sakamoto et al. 2008) . GRB 090618 also showed a much shorter duration of T 90 ∼ 113 s, compared to 2100 and >1300 s for GRBs 060218 and 100316D, respectively. We note in passing that the current record holder for the duration is GRB 090417B with a T 90 of at least ∼2130 s (Holland et al. 2010) , while GRB 101225A also had an extreme duration, with T 90 > 1650 s (this was a very long 1088-s image trigger in the BAT; Cummings & Sakamoto 2010; Racusin et al. 2011) . GRB 090417B does not show signs of an accompanying SN in the optical, however, despite being at low redshift (z ∼ 0.345 for the galaxy within the XRT error circle; Berger & Fox 2009) . A faint photometric SN was identified for GRB 101225A (Thöne et al. 2011b) , and there is evidence for a thermal signature in the X-ray data for this object, as first mentioned by Campana (2010) . We do point out, however, that there is uncertainty about the nature of so-called GRB 101225A (e.g. Thöne et al. 2011a , though see also Thöne et al. 2011b ). The GRB 090618 X-ray light curve shows an early steep decay (Schady, Baumgartner & Beardmore 2009a) , while GRBs 060218 and 100316D initially showed rising/constant X-ray emission, respectively (Campana et al. 2006; Starling et al. 2011; see also Fig. 11 ). This makes GRB 090618 more representative of the 'canonical' light curve discussed by Nousek et al. (2006) and Zhang et al. (2006) , although see Evans et al. (2009) for different light curve morphologies. As fig. 7 in Starling et al. (2011) demonstrates, GRBs 060218 and 100316D are actually in the minority for GRB-SN Xray light-curve profiles.
GRB 090618 showed a bright, fading optical afterglow before any SN component was identified, while no such afterglow was found for the other two bursts. GRB 090618, while a relatively low redshift object at z = 0.54, is still noticeably more distant than GRB 060218 (z = 0.0331) and GRB 100316D (z = 0.0591). GRBs 060218 and 100316D are both underluminous (typically the case for spectroscopically confirmed GRB-SNe), while this is not the case for GRB 090618, with E iso ∼ a few × 10 53 erg; the SN associated with GRB 090618 was found through photometry, not a spectroscopic analysis, however. GRB 101219B is another luminous (E iso ∼ 10 51 erg) GRB with a detection of a spectroscopic SN (Sparre et al. 2011) , and evidence for thermal emission in the X-ray band will be presented by Starling et al. (in preparation) . This burst lies at a redshift of z = 0.55, similar to GRB 090618.
Both Campana et al. (2006) and Starling et al. (2011) found that the temperature of the BB components remained close to constant (for the first few thousand seconds in GRB 060218 and for the time of detection for GRB 100316D), between ∼0.1 and 0.2 keV. There is evidence for cooling of the thermal emission in the case presented here, however, from ∼1 keV at the start of the observation to ∼0.3 keV after a few hundred seconds. The emitting radius does not appear to expand much during this time, while Campana et al. (2006) found an increasing radius for GRB 060218 starting at ∼5 × 10 11 cm, smaller than measured here; their final radius measurement comes from the fitting of the UVOT data at >10 5 s after the trigger and is significantly larger, at a few × 10 14 cm.
It has been considered (Toma et al. 2007 ) that long-duration, low-luminosity bursts could be signatures of neutron star, rather than black hole, central engines, with just mildly relativistic jets. GRB 090618 is unlikely to come under this heading, though, given that its isotropic luminosity is about 4 orders of magnitude higher than GRBs 060218 and 100316D. Li (2006) claims a correlation between the rest-frame E peak of a GRB and the peak bolometric magnitude of its corresponding SN. However, only four systems were considered (GRBs 980425, 030329, 031203 and 060218), making the correlation rather tenuous. GRB 090618 does not lie on the purported trend, showing a much lower E peak than would be expected from the peak bolometric magnitude of −19.75 (taken from Cano et al. 2011) if the correlation were confirmed. Campana et al. (2006) and Waxman, Mészáros & Campana (2007) suggest that the thermal emission seen in the spectra of GRB 060218 is due to the SN shock breakout from a dense stellar wind, implying that the progenitor was a Wolf-Rayet type star. However, work by Ghisellini, Ghirlanda & Tavecchio (2007a,b) , Li (2007) and Chevalier & Fransson (2008) has cast doubt on this explanation, saying that the energetics are not feasible, with the energy of the BB component being too large. In the case presented here, the estimated BB luminosities are even larger, up to 10 50 erg s −1 . Fan, Piran & Xu (2006) believe that there is unlikely to be a dense wind surrounding the progenitor and so consider that the thermal emission may arise from the shock-heated stellar envelope. Waxman et al. (2007) state that, for a SN shock breakout, the photospheric radius increases with time as R ∝ t 0.8 and that the corresponding temperature falls as T ∝ t −0.5 (see also Chevalier & Fransson 2008) . While the measurements of the expanding radius we present in Fig. 8 do approximately follow t 0.8 (although, within the errors, they are also consistent with a constant value of ∼6.5 × 10 12 cm), the temperatures found decrease more rapidly than the proposal of Waxman et al. If the radius really is almost constant, this would imply that the emission seen was not caused by an explosive shock breakout, however. An aspherical explosion can explain the relatively long durations of the thermal X-ray emission (Waxman et al. 2007 ) and, in GRB 090618, the BB is only strongly detected for the first ∼300 s, a much shorter interval than in GRB 060218.
What causes the thermal emission?
On a related note, Soderberg et al. (2008) present observations of SN 2008D (which did not have an accompanying GRB) showing an X-ray outburst at the time of the SN explosion which they attribute to shock breakout (see also Chevalier & Fransson 2008) , predicting that such outbursts should occur for every core-collapse SN. In this case, the spectrum of the X-ray outburst detected was well fitted by a simple power-law model, rather than a thermal component, which Soderberg et al. (2008) explain as bulk Comptonization of the photons across the shock front, with the thermal component lying below the XRT band. Couch et al. (2011) discuss how an aspherical shock breakout could also explain the X-ray emission seen in this object, finding that the spectrum is not well fitted by a single temperature and radius BB, but is significantly more complex.
Although SNe associated with GRBs have sometimes been referred to as hypernovae because of their higher energy output, the SN accompanying GRB 060218 (known as SN 2006aj) was closer to a 'typical' Type Ibc, implying that that hypernovae may just represent the energetic end of the SN population (Li 2006; Mazzali et al. 2006 ). Cano et al. (2011) find that the SN accompanying GRB 090618 is similar to (hypernova) SN 1998bw/GRB 980425 in terms of its temporal evolution and brightness.
While the results from GRB 090618 presented here do not resolve the disagreement about the origin of the thermal emission, they do add to the melting pot of data. A systematic search for X-ray thermal emission in other GRB-SNe is in progress (Starling et al. in preparation) , and this larger sample may provide firmer conclusions. Recent developments in theoretical calculations of shock breakout also provide further means of testing this suggestion (Balberg & Loeb 2011; .
S U M M A RY
GRB 090618 was a long burst, extremely bright in γ -rays and Xrays, with an isotropic energy release of ∼2.5 × 10 53 erg. The γ -ray data are best fitted by a power law with a changing exponential cutoff signifying the peak energy of the spectrum moving through the band. There is a late-time break in the X-ray and optical temporal decay which is consistent with being achromatic, although the final decay is then shallower than usually expected for a post-jet-break decay and the fit improves if the break time is allowed to vary between the two data sets. Using this common break time, the beaming-corrected energy is estimated to be ∼6.8 × 10 50 erg. If, however, the fit to the X-ray data alone is considered, the later break time suggests the beaming-corrected energy could be as high as 2.6 × 10 51 erg.
The early X-ray spectra show good evidence for a thermal component in addition to the standard power-law continuum, which could be related to shock breakout of the (photometric) SN detected in the system, although this is by no means certain. GRB 090618 is, however, far more typical of 'normal' bursts than the previous GRB-SNe with thermal X-ray emission (i.e. GRBs 060218 and 100316D), in terms of both its γ -ray (T 90 , E peak , energy release) and X-ray (overall shape of the light curve) parameters. It has often been suggested (e.g. Zeh, Klose & Hartmann 2004 ) that an SN component could be present in most long GRBs. points out that previously the only typical GRB with a robust SN association was GRB 030329, while the other objects are low-luminosity, nearby bursts and could, therefore, be part of a different population. More recently, Sparre et al. (2011) report the spectroscopic detection of SN 2010ma associated with GRB 101219B, another long burst (at z = 0.55) with a 'normal' isotropic energy (∼4 × 10 51 erg). The thermal X-ray component in GRB 090618 could provide a further link between the underluminous GRBs with spectroscopically associated SNe and the wider GRB population.
